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Dynamics of Climate
Change: Explaining
Glacier Retreat
Mathematically
ROBERT GUILI.ETTE
Introduction
Glacier Retreat
laciers currently cover 10% of the Earth's land,
blanketing more than 15 million square kilometers
of the planet. However, as the world's climate
continues to undergo monumental shifts, these mobile
masses ofice arc being dramatically affected. Glaciers across
the globe have been iJlcreasingly losing mass ova the last
century. From 2003 to 2009, glaciers worldwide lost
between 231 and 287 trillion kg ofice per year (Kerr, 2013).
Carrara & McGimsey (1981) reported that by 1980 Glacier
National Park in Montana had lost over two-tlilids of the
150 glaciers it was estimated to have in 1850, while the
remaining glaciers have suffered a significant reduction in
area. The Muir glacier, sit:wi.t.cd in Glacict Bay National Park,
Alaska, also underwent a dramatic retreat between the years
1941and2004, as can be observed in Figure 1. The photos
visually compare the Muir glacier in 1941 to its state in 2004.
Field and MoJnia (n.d.) report that the glacier retreated more
than 12 km and thinned by more than 800 metets in that
63-year time frame.

G

Figure 1: Evolution of Muir g!acier.

Glaciers arc extremely sensitive to changes in climate, and
many studies link. tempemture, precipitation. and insolatioa
to glacier retreat (Match & O'Nccl, 2011; Peduzzi, Herold,
& Silverio, 2010; Robson, 2012). The sensitivity that glaciers
exhibit towanl climatic factors make these mobile ice
masses "excellent barometers of climate change" (Hall &
Fagn; 2003). Therefore, studying the relationship between
the ret:rea.t of glaciers and changes in climate is of utmost
importance, as glacier retreat signals a shifting climate.
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Description of Research Question
Ai; the earth's climate is currently undergoing significant

changes, g1acicts a.round the world arc retreating at a
staggering pace. The rapid mdting of g1a.cial ice will have
serious consequ.eo.ces that impact people and acimals on a
global scale. In onict to mitigate the severity of these
consequences, we must fu:st better understand the
rdationship between climate cbacge and glacier retreat. In
this article, we construct a mathematical model of glacier
retreat representing how changes in climatic factors, such as
~pcrature and precipitation, affect the: ice mass of a
glacier. We perform a multiple linear regression using data
for the Midtfonna glacier in Norway to study the effects of
~pcrature, precipitation. local climatic phenomena, wind
speed, and insolation on the glacier's total area. Our goal is
to detemJine what proportion of the total variation in the
glacier's ice: mass over the past decades can be: explained by
the five climatic factors.
Our second objective: is to create a method for prc:dicting
the evolution of a glacier over time by using different
climate scenarios projecting future temperature and
precipitation. Given that one-sixth of the world's
population depends on glacier ice and snow melt for its
water supply, a mathematical model predicting the future of
glaciers can help people adapt to the realities of a changing
climate (Peduzzi, Herold, & Silverio, 2010). To predict the
future of a glacier, we perform a multiple regression using
available data for glacier area, tcmpemtutc, and precipitation
to obtain a prediction equation. We then use the equation
to extrapolate past data to predict the area of the glacier
based on future values for tempemtutc and precipitation.
We apply this method specifically to predict the future of
the Midtfonna glacier. Using two scenarios for projected
changes in temperature and precipitation over the coune of
the next century from the Inf'1govmllllmtal PaMI on ClimaJe
Chanf!'r 2013 :report on climate change (IPCC, 2013), we
find the estimated year for when the Midtfonna glacier will
disappear under each scenario.
Constructing and Applying the Mathematical Model
of Glacier Retreat
In this article, we study and explain the relationship between
various climatic factors and the ice mass of a glacier. To
accomplish this goal, we consttu.ct a tnathcmatical model of
glacier retreat representing how various climatic factors
affect a glacier's ice mass. In the following section, we
explain how to use the: tools of a multiple linear .regression
to set up and apply the modd to a specific glacier.
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Constructing the Model
Variables Included in the Model
The variables we chose to include in our model of glacier
retreat are summarized in Table 1. The random variable is
glacier ice mass, while the independent variables al:e the
climatic factors: temperature, precipitation, local climatic
phenomena, wind speed, and insolation. We chose to
include these climatic factors because they have been shown
to be highly correlated with changes in the ice mass of a
glacier (Anderson et al., 2006; Bitz & Battisti, 1999;
Letreguilly, 1988).
Table 1: Summary of variables included in the model of
glacier retreat.
y- Random Variable
xt-

Variables Included in the
Model

Independent Variable
x1

X2.
XJ
X4

XS

Temperature fq
(Precipitation (mm/m2)
Local Climatic Phenomena
Wind Speed (m/s)
Insolation (k.wh/ m2/day)

Glacier ice mass can be quantified in a variety of ways.
Depending on the data available and purpose for applying
the model, one can choose to use total glacier volume, total
glacier area, terminus point, or mass balance as a measure of
a glacier's ice mass in the model. Mass balance is better
correlated to the climatic factors than total glacier area. This
can be explained by noting that the rate at which a glacier's
area will shrink under the influence of climatic factors
depends on the relative thickness of the ice, whereas mass
balance only measures the annual net loss/gain of snow and
ice, making it much more sensitive to the climatic factors.
However, glacier area is a better instrument to use for
predicting the future of a glacier as it gives us an overall
picture of a glacier's size (as opposed to mass balance which
only offers the yearly ice budget of a glacier rather than a
measure of its total ice mass).
Temperature can be measured in a variety of ways such as
mean annual temperature or mean summer temperature
(months designated "summer'' will Val:Y depending on the
location of the glacier the model is being applied to). As the
majority of the melting of a glacier's ice occurs in the
summer months when temperatures are at their peak,
summer temperature is better correlated to variations in the
ice mass of a glacier than yearly temperature. Therefore, we
recommend summer temperature be used in the regression
model. Also, because the thickness of a glacier's ice helps
determine the rate at which it melts, a delay in the effects of
temperature on the glacier may need to be accounted for.
Similarly, precipitation can be measured in a variety of ways,
such as mean annual precipitation or mean winter
precipitation (months designated "winter'' will vary
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depending on the location of the glacier the model is being
applied to). As the majority of snow accumulation and
formation of a glacier's ice occurs in the winter months,
winter precipitation is better correlated to variations in the
ice mass of a glacier than yeilly precipitation. Therefore, we
recommend winter precipitation be used in the regression
model. Also, because snow takes time to compress into ice,
a delay in the effects of precipitation on the glacier may need
to be accounted for.
Local climatic phenomena are cyclical weather patterns
capable of causing significant changes to climatic factors
such as temperature and precipitation. Examples of local
climatic phenomena are North Atlantic Oscillation, North
Pacific Oscillation, Atlantic Multidecadal Oscillation,
Pacific Decadal Oscillation, El Niiio/La Niiia, and
monsoons. To measure a local climatic phenomenon, an
index value representing the strength of the particular
cyclical weather system is used. Depending on the location
of the glacier, there may or may not be a local climatic
phenomenon that influences the climate near the glacier.
Wind speed is included in the model, as wind is capable of
removing snow from windward slopes. The removal of
snow scours the ice on the slope, which causes it to become
more reflective of the sun. Therefore, wind is able to affect
both the accumulation and ablation of snow and ice.
Insolation is the last variable we have included in our model.
Ice will melt faster with greater solar exposure. The unit
used to measure insolation is kilowatt hours per square
meter per day (kwh/m2 /day), which represents the amount
of solar energy that strikes a square meter of the eal:th's
surface over the course of a day.
Description of the Model
Linear Regression is a statistical tool that helps us analyze
relationships between various components of a complex
system, and develop methods of prediction for the output
of the system. The first step in setting up the model for a
glacier is to perform a multiple linear regression of the
glacier's ice mass (the random variable) on the five climatic
factors (the independent variables) and obtain a regression
equation of the form

Y =Po+ P1X1 + P2X2 + ... + Psxs
where y represents the glacier's ice mass, x1, x2, ••• , X5
represent the climatic factors listed in Table 1, and /30,/31, ... ,
/35 represent the regression coefficients. We will use this
regression equation to predict the random variable y, based
on the value of the independent variables x1, x2, ••• , X5.
Once the linear regression equation has been set up, we test
whether or not there is a significant linear relationship
between the variables. To do this, we perform a hypothesis
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test where the null hypothesis is Ho: p; = 0 foi: all i = 1~ ,
meaning thett is .no lic.ea.r relationship between the gla.ciei:'s
ice mass and the climatic factors with the significance level
a= 0.05. We then find the p-wlue fo.r the test statistic.
1£ the p -wlue is less than 0.05, we .reject H0 and conclude
that there is a significant linear relation.ship between the
glacier's ice mass and the five climatic factors.

Now, while the aforementioned hypothesis test establishes
whether or .aot there is a significant linear relationship
between the g1acict's ice mass and all the climatic factors
together, we also perfoan hypothesis tests to check whether
o.r not there is a significant linear .relationship between the
glacier's ice mass and each of the climatic factors, given that
all other climatic factors ate a.I.ready in the model This
process tests whether or not the inclusion of an additional
independent variable into the regression improve.s the
prediction of the nndom variable. Thus, fo.r each ; = 1,5 •
we perfon:n an individual hypothesis test, where the null
hypothesis H 0 is {J; = 0, meaning there is no linear
relationship between the glaciei:'s ice mass and the i"'
climatic factor. Fo.r each individual hypothesis test, wc find
the p -wlue for the test statistic with the significance level

a = 0.05. If the p -wlue is less than 0.05, we reject Ho
and conclude that there is a significant linear relationship
between the glacia's ice mass and the I' climatic factor.
Next, wc mcasute the strength of the linear relationship. We
do this by calculating three wlues: the sample correla.ti0J1
coefficient r, the sample coefficient of determination t2, and
the adjusted rt. The sample correlation coefficient r is a
number between -1 and 1, which is an indicator of linear
association between the random variable and the
independent variables. The closer the absolute value of r is
to 1, the stronger the linear association between the glaciei:'s
ice mass and the climatic factors. The sample coefficient of
determination t2 is a number between 0 and 1 .representing
the proportion of total variation in the random variable that
is explained by the independent variables. However, as more
independent variables are added to the regression, the t2
increases .regatdless of whether or not the additional
variable actually contributes to the variation in the random
variable. To find the true amount of vatiarion of the random
variable tha.t is explained by the independent variables, we
look at the adjusted t2, which is the un-inflated r2 adjusted
for the number of independent variable used in the
regression. The closer the adjusted t2 is to 1, the larger the
proportion of total variation in the gla.ciei:'s ice mass
explained by the climatic fact:Ol:S.
The final step in our model is to check the asswnpti.ons of
the regression. We will deteanine whether there is high
correla.tion
among
the
independent
variables
(multicollinearity), whether the regression model is a good
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fit to the data, and whether the data are normally distributed.
To test far multicollinearity, for each .regression coefficient
we calculate the variance inflation factor (VIF), a measure
of the in.crease in variance of an estimated regression
coefficient due to collinearity. If all of the VIPs a.re less th2l1
5, we conclude tha.t there is not a high degree of
multicollinearity in the model. However, jf one or more of
the VIFs arc greater than or equal to 5, then we must decide
what to do in order to reduce the multicollinearity between
independent variables.
To check whether or not the regression model is a good fit
to the data, we set up the residual plot. A residual plot free
of any patterns indicates that the model is a good fit fo.r the
data. In order to check: whether or not the data are nomially
dismbuted, we view the normal probability plot. A nonnal
probability plot showing the data following a straight line
with positive slope indicate.s a normal distribution of data.
Once these assumptions of the regression are verified, and
the previous steps of the model ha.ve been completed, we
are able to verify the usefulness of the regression model

Applying the Model
We applied our model of glacier retreat to study the
Midtfonna gW:icr, located in Fo1gefo.nm. Nati.om.I Park in
Norway. Mi.dtf<>Wla is the smallest of three g1acie.rs that
make up the Fo1gefonna glacier (see figme 2), the other two
being No.rdfonna. glacier and Sorfo.ona glacier. We chose to
perform a multiple regression analysis on the Midtfonna
gW:icr because its ice mass exhibits the most extreme
.response to changes in climatic fa.cto.rs.

Figure 2: Folgefonna Glacier (Robson, 2012)
The random variable we chose to include in the regression
was total g1a.cie.r area, while the independent variables we
included were the climatic factors: summer tempcratore
Ouly and August mean), winter precipitation (October April mean), North. Atlantic Oscillation ind.a (DeccmberMatth mean), highest mean wind value (annual mean), and
sum.mer insolation (July and August mean). The North.
Atlantic Oscillation is a local climatic phenomenon that
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affects Europe, among other areas, and causes cyclical
precipitation increases and milder summers to occur in
Norway.
We chose to perform two regression analyses. One analysis
includes insolation, while the other does not. The reason for
this is that we had insolation data for a much shorter time
span compared to the data we had for the other climatic
factors. The regression analysis that does not include
insolation uses 50 years of data spanning the years 1962 2011, while the regression analysis that includes insolation
uses only 21 years of data spanning the years 1985 - 2005.
We now discuss the analysis that does not include
insolation. Table 2 is the regression summary output
obtained from performing a multiple linear regression using
50 years of data for the Midtfonna glacier. The sample
correlation coefficient r is represented in the table by the
"Multiple R." From viewing the table, we find that the
sample correlation coefficient r is 0.876. This tells us that
there is a strong linear association between Midtfonna's
total glacier area and the climatic factors included in the
regression. We are also able to see that the adjusted r2 is
quite high at 0.746. Therefore, 74.6% of the total variation
in Midtfonna's area is explained by summer temperature,
winter precipitation, NAO index, and wind speed. The p value of the regression is 1.01 *10-13, which tells us that at
least one of the independent variables, summer
temperature, winter precipitation, NAO index, or wind
speed, is contributing significant information to the
prediction of glacier area. The individual p -values
corresponding to each of the independent variables (0.0062,
8.75*10-6, 0.0124, 3.99*10-8) show that all four variables add
important information to the prediction of glacier area in
the presence of the other ones already in the model.
To check whether multicollinearity exists in the regression
model, we computed the variance inflation factor for each
independent variable. The variance inflation factors for
summer temperature and wind speed at 1.224 and 1.174,
respectively, show very slight multicollinearity. The VIPs
for winter precipitation and NAO index at 3.307 and 3.06,
respectively, show a higher degree of multicollinearity.
Though the variance inflation factors for winter
precipitation and NAO index show that the two variables
are moderately linearly related, both VIPs are under 5, the
threshold for severe multicollinearity.

precipitation and NAO index are unstable and therefore
difficult to predict.
Table 2: Summary output for regression using 50 years of
data (insulation not included)
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We verify the assumption of regression by viewing the
residual plot (Figure 3) and normal probability plot (Figure
4). The residual plot is free of any patterns, meaning that the
model is a good fit for the data; the normal probability plot
shows data following a straight line, indicating a normal
distribution of data.

..

.·

- 1

-2

Flirure 3: Residual olot

...

1.0 ...-------~------~--'='"""""

i
.· .·

0.8
0.6
0.4

:·

0.2

o.o ••··
0.0

...

...··

.. •··

!
0.2

0.4

0.6

0.8

I.()

Figure 4: Normal probability plot

T o eliminate this redundancy in the model, we could
remove the NAO index as a variable. However, our goal for
this regression is to identify what percentage of the total
variation in the glacier's total area is explained by the
climatic factors, so, since multicollinearity does not affect
the r2, we decided to keep the NAO index in the model. As
a consequence the regression coefficients of winter
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Table 3: Summary output for regre1slon using 21 yean of'
data (maolatlon mcludccl)
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Table 3 shows the regression sw:nmary output obtained
from performing a mulri.ple linear regression using 21 years
of data for Midtfo.nna glacier. When we include insolation
as an independent variable in the regression, we notice that
the adjusted t2 increases to 0.827. All of the p-values are
also less than the significance levd of 0.05. The residual plot
and nonnal probability plot show that the assumptions of
the regression analysis are verified. From applying our
modd of glacier retreat to study the Midtfonna glacier, we
have shown that the climatic &ctors (summer temperature,
winter precipitation, the North Atlantic Oscillation, wind
speed. and summer insolation) are sttong predictors of the
glacier's total area.

Predicting a Glacier'& Future
Our second goal for this article is to use regression analysis
to predict the future of a glacier. We accomplish this by two
methods, each differing in the way the ice mass of a glacier
is predicted. The first method involves performing a time
series regression to study how the ice mass of a glacier
c:ha.nges with the passage of time. The second entails using
data from future prediction scenarios for temperature and
precipitation in a multiple regression equation to predict
when a glacier will disappear. For each method, we first
outline the process of how the future of a glacier is
predicted, and then present our results from applying the
described method to predict the futw:e ofMidtfonn.a glacier.

the estimated year the glacier will disappear, we start with
the year of the last available data point as the input for the
equation. We then incrementally increase the year by 1 until
the output of the equation, representing the estimated ke
mass of the glacier, is less than or equal to 0. Thus, using the
prediction equation we obtain an estimate for the year when
the glacier will cease to exist.
However, to be able to ~ a prediction for the glacier's
area with a desired probability (probability of 1- a, where a
is the significance levd), we need to compute a (1- a)100%
prediction interval estimating the actual future value of the
random variable y . A prediction interval allows us to say
that a single value for the random variable..1 at a point x =
xo will fall within the interval with (1 - a)100% probability,
where a is the significance level. Therefore, for a significance
levd ofa= 0.05, a 95% prediction interval tells us that the
glacier's ke mass will uke values in the interval with 0.95
probability.

Predicting MidtComia Glac:ier with a Time Seri.es

B.egtessioo
Now that we have discussed how to predict the future of a
glacier using a time series regression., we will present our
results from using this method to predict the future of
Midtfonna glacier. To estimate when Midtfonm glacier will
disappear, we pctfomied a time series regression with data
from the years 1962 - 2011 for Midtfonna's total gkcier
area. Figure 5 shows a graph of the .regression line, between
the words ''Prediction Interval," obtained from the time
series .regression.
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Predicting a Glacier's Future Using Time Series
Regression
Description of Thne Series Regression
The first method we employ to predict the future of a
glacier's ice mass is a time series regression, where the ice
mass of a glacier is the random variable and the year the
measurement was taken is the independent variable. We
obtain a prediction equation of the form

y=a+/Jx
where ..1 represents the glacier's ice mass, x represents the
year, and a and {J represent the regression coefficients. We
can use this prediction equation to find the estimated ice
mass of the glacier for a given year by inputting the desitcd
year into the equation and viewing the output. To determine
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F:igme 5: Graph of the time aeries repell8ioa line

Based on the time series regression, we estimate that
Midtfonna will disappear by the year 2078. The graph also
contains the obsetved values of Midtfonna's total glacie.r
area, as well as a 95% prediction interval that we computed
which spans the area between the two dashed lines. With
95% confidence we predict that Midtfonna glacier will
disappear sometime between the years 2055 and 2118.
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Predicting a Glaciers Future Using Multiple
Regression with Climate Scenarios
Description of Multiple Regression with Climate
Scenarios
The second method we employ to predict the future of a
glacier is to account for different possible scenarios for the
evolution of the climate over the next century and to
incorporate them into our prediction equation. We first
perform a multiple regression where a glacier's ice mass is
the random variable; the year, summer temperature, and
winter precipitation are the independent variables to obtain
a prediction equation of the form

where y represents the glacier's ice mass, x 1 represent the
year, x2 represents summer temperature, XJ represents
winter precipitation, and {Jo, p,, {J2, jJJ represent the
regression coefficients. The year is included as an
independent variable so that we can use it as a counter to
keep track of the year for which we are predicting the
glacier's ice mass.
The second step of this method involves extracting the
necessary data for temperature and precipitation from the
available climate scenarios to use in the prediction equation.
Suppose we have a 2012 scenario projecting a temperature
increase of 3°C by 2100. To obtain the value of temperature
for each year in the 2012 - 2100 interval, we must distribute
the increase of 3°C over the time span of the projection. We
break up the projected increase of 3°C into equally sized
increments by dividing 3°C by the number of years in the
span 2012 - 2100, which gives us an increase of 0.034°C per
year. Obtaining the value of precipitation for each year in
the 2012 - 2100 interval is found in a similar way, but with
an additional step since the projection is expressed as a
percentage. Suppose we have a 2012 scenario projecting a
Since the
precipitation increase of 10% by 2100.
precipitation amount for the year 2011 might be an outlier
we will instead compute the average precipitation for th~
past decade (2001 - 2011). The average is found using 10
years of precipitation data in order to smooth out any
outliers that may exist in the data and obtain a fair
estimation of the "normal" amount of precipitation for the
current time period. We then calculate 10% of this average
and divide it by the number of years in the interval 2012 2100 to find the increase in precipitation per year.
Once we have obtained the projected yearly increase in
temperature and precipitation, the next step is to calculate
an average for both of these climatic factors that will be used
as starting values in the prediction equation; we will call
these averages our baselines. Continuing the example,
because the projected changes in temperature and
precipitation start from the year 2012, we will want to find
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the average summer temperature and winter precipitation
for the decade 2001 - 2011. The two averages are calculated
using 10 years of temperature and precipitation data in order
to smooth out any outliers that may exist in the data and
obtain a fair estimation of the "normal" values of
temperature and precipitation for the current time period.
Since the baseline for precipitation was already found when
we calculated the increase in precipitation per year, all that
remains to be found is the baseline for temperature.
We can use these data and our prediction equation to
predict the future of a glacier using scenarios projecting
future temperature and precipitation. We continue to use
the example to explain the next steps of predicting the
future of the glacier. To represents the baseline value for
temperature; AT the increase in temperature per year; Po the
baseline value for precipitation; .t:.P the increase in
precipitation per year; and i the year. The estimated ice mass
of a glacier at year t~ for i in the interval 2012 - 2100 is
found by entering the following values into the predictlon
equation: the input for year is i; the input for temperature is
To + (i - 201 l)ll.T; the input for precipitation is Po + (i 2011 ).t:.P, where i - 2011 gives us the years since 2011.
Starting with x1 = i = 2012 and the corresponding values
for temperature and precipitation in the prediction
equation, the evolution of the glacier over time is found by
incrementally increasing iby 1 and viewing the output of the
prediction equation. This process of incrementally
increasing i can be continued until the estimated ice mass of
the glacier reaches zero at year i* or the last year for which
temperature and precipitation were projected is reached,
which in our example is 2100. Thus, we either obtain the
year i* when the glacier will completely disappear, or we
obtain the predicted value of the glacier's total area in 2100.

Predicting Midtfonna Glacier using a Multiple
Regression with Oimate Scenarios
To predict the future of Midtfonna glacier based on
scenarios for future temperature and precipitation, we first
performed a multiple regression using 50 years of available
data spanning 1962-2011 for total glacier area, temperature,
and precipitation. Included in the regression as the random
variable was Midtfonna's total glacier area, while the
independent variables were the year, summer temperature,
summer temperature squared, winter precipitation, and
winter precipitation squared. Because the year is such a
strong predictor for the total glacier area of Midtfonna, the
effects of summer temperature and winter precipitation on
the glacier are overshadowed.. To fix that problem, we made
summer temperature and winter precipitation more
prominent predictors by introducing the squared terms into
the regression.
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From this multiple regression wc obtained the followttig
prediction equation:

by the number of yea.rs in the interval 2012 - 2100, which
gives us an increase of 0.1 mm/m2 and 0.3 mm/mz,
respectively, per yea.r.

y = 291.497 -0.149.x-1 +0.084.x-2 -0.017.x-: +0.241.x-3 -0.0007.x-~

where y represents Midtfonn.a's total glacier area, x 1
represents the~. xz represents summer temperature, and
x1 :represents winter precipitation.
For this equation, we used two climate scenarios projecting
future temperature and precipitation changes until the year
2100. These two scenarios (see Figures 6 and 7) were
obtained from the Inmgovtmmellfal PaMI on Climak Changls
2013 report on climate change (IPCC, 2013). In scenario 1,
the annual mean surface temperatw:e and annual mean
prccipimtion in Norway, the location of the Midtfonna
glacier, is projected to increase by 1.5°C and 5%,
respectively. In scenario 2, the annual mean surface
t.cmperaturc and annual mean precipitation in Norway are
projected to increase by 4.5°C and 15%, .respectively.

Figure 6: Projected change in llDllUal mean surface
tcmpetature by 2100. Scenario 1 ill on the lelti Scenario 2 iii
on the right (IPCC, 2013).

Figure 7: Projected change in annual mean precipitation by
2100. Scenario 1 is on the left; Scenario 2 is on the right
(JPCC, 2013).

To use the data from these two climate scenarios in the
prediction equation, we must distribute the projected
changes in t.cmpcratute and p.recipimtion over the 2012 2100 interval.. Breaking up the projected temperature
changes for scenario 1 and scenario 2, we divide the 1.5°C
and 4.5°C projected increases by the number of yea.rs in the
2012 - 2100 .interval to get an increase of 0.017°C and
0.051°C, respectively, per~· To be able to break up the
projected precipitation increases into increments, we must
first find the baseline for precipitation, meaning we have to
find the average winter precipitation over the .interval 2001
-2011. We calculated this to be 180 mrn/m2 per~. Now
we compute the per ~ increase in precipitation for
scenario 1 and scenario 2 by dividing 5% and 15% of 180
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The next step involves fiDding the baselines for summer
temperature and winter precipimtion, the values for
temperature and precipitation that will be incrementally
increased when predicting the future of Midtfonna glacier
with the prediction equation. The baseline for winttt
p.recipimtion has already been esmblished at 180 mm/mz.
By calculating the average summer temperature for the~
2001-2011, we found the baseline for summer temperature
to be8°C.
We now present our results from using the climate data
from each scenario in the prediction equation. Under
scenario 1, with a ~y increase of 0.017°C in temperature
and 0.1 mm/m2 in precipitation, we estimate that the
Midtfonna glacier will disappear by the year 2086. Under
scenario 2, with a more significant yearly increase of
0.051°C in temperature and 0.3 mm/mz in precipitation, we
estimate that the Midtfonn.a glacier will disappear soon.er, by
the year 2079. The seven-year difference between the
predicted years the glacier will disappear under each
scenario can be explained by noting that, while the increase
in t.cmperature is more dramatic in sceruu:io Z. its effects on
the glacier's area are mitigated by an increase in
precipitation.
Conclusion
In this article wc accomplished two goals. In order to ~
understand the effects of climate chll.nge on glaciers, we
constructed a mathematical model of glacier retreat

representing how changes in climatic factors, such as
temperature and precipitation, affect the ice mass of a
glacier. We applied our model to study the Midtfonna
glacier, located in Norway. Using multiple linear regression
wc studied the effects of temperature, precipitation. the
North Atlantic Oscillation, wind speed, and insolation on
the total area of the glacier, and found that within our model
these facto.rs explained 82.7% of the total variation in
Midtfonna. glu:ier's area. By adapting the variables in the
regression to .reflect the geographic location of a glacier, our
model can also be applied to other glaciers to det:crmine
what proportion of total variation in a glacier's ice mass is
expla.ined by the five climatic &.ctors.
Our second goal was to create a method to predict the
evolution of a glacier over time by using different climate
scenarios projecting future temperature and precipitation.
We found that a glacier's future could be predicted this way
by perfo.rming a multiple regression using available data for
glacier area, temperature, and precipitation. From this
regression, we obtain a prediction equation that enables us
to extrapolate past data to predict the area ofa glacier based
on future values for temperature and precipitation. We
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applied this method to predict the evolution of Midtfonna
glacier using two climate scenarios from the Intergovernmental
Panel on Climate Change's 2013 report on climate change
(IPCC, 2013). For each scenario, we found the estimated
year by which the Midtfonna glacier will completely melt.
Under scenario 1, with a local projected increase in
temperature and precipitation by 2100 of 1.5°C and 5%,
respectively, Midtfonna glacier is estimated to disappear by
the year 2086. Under scenario 2, with a local projected
increase in temperature and precipitation by 2100 of 4.5°C
and 15%, respectively, Midtfonna glacier is estimated to
disappear by the year 2079. Our method for predicting the
evolution of a glacier can be applied to other glaciers,
provided the necessary climate and glacier data, outlined in
section 3.2.1, are available.
Our model of glacier retreat shows that climate change and
the retreat of glaciers are inextricably linked. As the earth's
climate currently undergoes significant shifts, the rate at
which glaciers retreat is accelerating. The rapid melting of
glaciers around the world is a serious issue, as negative
repercussions for humans and animals follow from the
rapid disappearance of glaciers. Alteration of delicate
ecological systems and loss of habitat for numerous species,
severe reduction of water supplies for irrigation and
drinking supplies, loss of hydroelectric power sources, and
rising sea levels are major problems that await us if glaciers
continue to melt at an increasing rate. The methods we have
presented for predicting the future of glaciers can help
people prepare for the disappearance of an important
source of life and adapt to the realities of a changing climate.
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